Metabolic syndrome (MS) is characterized by a group of cardiovascular risk factors, including obesity, hypertension, dyslipidemia, and disturbed glucose metabolism that are associated with an excess risk of cardiovascular disease. [1] [2] [3] Previous studies have demonstrated a significant correlation between obesity and insulin resistance and adverse left ventricular (LV) structure and function and an increased risk of congestive heart failure. [4] [5] [6] [7] [8] These findings suggest that increased cardiovascular risk may be mediated by LV dysfunction. Several studies have shown that subclinical diastolic dysfunction is evident in most patients with obesity and MS 9)10) with either increased or no interval change in LV systolic function at rest. 9)11)12) A study by Sasso et al. 9) demonstrated a reduced increase in ejection fraction in obese subjects during dynamic exercise using radionuclide ventriculography; however, ejection fraction is a load-dependent measurement of systolic function that may not accurately reflect the subtle changes of early myocardial dysfunction. Moreover, no studies have been performed on the effect of MS on myocardial contractile re- Background: Metabolic syndrome (MS) is associated with increased left ventricular (LV) mass and diastolic dysfunction. This study uses relatively load-independent Doppler tissue echocardiography to examine whether MS is associated with decreased longitudinal contractile reserve during dynamic exercise. Methods: A total of 112 patients with relatively well-controlled, treated hypertension who complained of exertional dyspnea were enrolled (average age: 56.7 ± 10.5 years). Fifty-six were non-diabetic patients with MS (Group 1), and 56 were age-sex matched hypertensive patients without MS (Group 2). Exercise stress echo was performed using a symptom-limited, multistage, supine bicycle exercise test. Multiple Doppler parameters were obtained at baseline, at each stage of exercise, and during recovery. Results: There was no significant difference between the two groups in terms of age, gender, and hemodynamic variables. E/ E', an index of LV filling pressure, was significantly higher in the MS group at rest and during exercise. The longitudinal contractile reserve, the change in S' (longitudinal tissue velocity) from baseline to peak exercise, was significantly lower in the MS group (2.00 ± 1.65 vs. 2.90 ± 1.66, p = 0.015). Multiple regression analysis showed independent association of MS with longitudinal contractile reserve when controlled for confounding factors, such as LV mass index, gender, blood pressure, and age (β = -0.235, p = 0.035). Conclusion: Longitudinal contractile reserve was reduced in MS patients compared to others, although both groups demonstrated similar longitudinal contractile function at rest. We present the first demonstration that metabolic syndrome is independently associated with LV systolic dysfunction during exercise in hypertensive patients.
Introduction
Metabolic syndrome (MS) is characterized by a group of cardiovascular risk factors, including obesity, hypertension, dyslipidemia, and disturbed glucose metabolism that are associated with an excess risk of cardiovascular disease. [1] [2] [3] Previous studies have demonstrated a significant correlation between obesity and insulin resistance and adverse left ventricular (LV) structure and function and an increased risk of congestive heart failure. [4] [5] [6] [7] [8] These findings suggest that increased cardiovascular risk may be mediated by LV dysfunction. Several studies have shown that subclinical diastolic dysfunction is evident in most patients with obesity and MS 9)10) with either increased or no interval change in LV systolic function at rest. 9)11)12) A study by Sasso et al. 9 ) demonstrated a reduced increase in ejection fraction in obese subjects during dynamic exercise using radionuclide ventriculography; however, ejection fraction is a load-dependent measurement of systolic function that may not accurately reflect the subtle changes of early myocardial dysfunction. Moreover, no studies have been performed on the effect of MS on myocardial contractile re-serve during dynamic exercise.
Therefore, we sought to determine whether MS is associated with decreased longitudinal contractile reserve with exaggeration of diastolic dysfunction during dynamic supine bicycle exercise, using relatively load-independent Doppler tissue echocardiography.
Methods

Subjects
A total of 212 patients (aged 36-76 years, average age: 56.7 ± 10.5) with relatively well-controlled, treated hypertension and who complained of exertional dyspnea were initially enrolled in this study after providing informed consent. Fifty-six patients satisfied the Asian modified criteria of MS. 13)14) From the remaining 156 patients, 56 non-diabetic patients, matched for age and sex, were selected as controls. Patients with diabetes were excluded due to the possible confounding effect of diabetes on myocardial function. Patients with any of the following were also excluded: valvular heart disease, peripheral vascular disease, significant systemic disease, history of inflammatory disease, symptomatic cerebrovascular disease (including previous transient ischemic attack within the previous six months), history of significant coronary artery disease, a clinically significant atrioventricular conduction disturbance, history of atrial fibrillation or other serious arrhythmia, history of congestive heart failure, liver cirrhosis, severe hypertension (> 180/110 mm Hg), serum creatinine > 1.4 mg/dL, pregnancy, or lack of appropriate contraception use in women of childbearing potential. Use of the following drugs was not permitted during the study: antihypertensive medications other than the study agents, lithium, major psychotropic agents, oral steroids, daily nonsteroidal anti-inflammatory drugs, high-dose acetylsalicylic acid, or drugs with possible interactions with the study drugs (digoxin, cimetidine, rifampin, erythromycin, itraconazole, grapefruit juice). All patients underwent a complete physical examination and laboratory assessment at the time of enrollment. Central obesity: The World Health Organization Western Pacific Region has recognized the disproportionate contribution of obesity to the development of cardiovascular risk factors in Asians and has provisionally lowered the classification of central obesity to waist circumference > 80 cm in females or > 90 cm in males and/or body mass index ≥ 25 kg/m 2 for both sexes.
Classification of metabolic status
Two-dimensional (2D) and Doppler echocardiography
Echocardiography was performed using an ultrasound system (Vivid-7, GE Vingmed, Horten, Norway) with a 2.5-MHz transducer. Standard 2D measurements (end-diastolic and end-systolic dimensions, ventricular septum and posterior wall thickness, left atrial volume index, LV mass index, LV outflow tract) were made with the patient in the left lateral position. The LV ejection fraction was calculated by the modified method of Quinones et al. 15) Tissue Doppler imaging was performed in an apical 4-chamber view with the sample volume placed at the septal border of the mitral annulus. To evaluate LV filling pressures, the ratio mitral inflow peak velocity (E)/early diastolic tissue velocity of the mitral annulus (E') was calculated.
Exercise stress echocardiography
Exercise stress echo was performed using a symptom-limited, multistage, supine bicycle exercise test with a variable load bicycle ergometer (Medical Positioning Inc., Kansas City, MO, USA), as described previously. 16) Briefly, after obtaining images at rest, patients pedaled at constant speed, beginning at a workload of 25 W and adding an incremental workload of 25 W every 3 minutes. From the apical window, a 1-to 2-mm pulsed Doppler sample volume was placed at the mitral valve tip, and mitral flow velocities from 5 to 10 cardiac cycles were recorded. The mitral inflow velocities were traced, and the following variables were obtained: early mitral peak velocity (E), late velocity (A), and the deceleration time of the E wave velocity. Mitral annulus velocity was measured by Doppler tissue imaging using the pulsed wave Doppler mode. Annular systolic tissue velocities (S') and E' were measured from the apical 4-chamber view with a 2-to 5-mm sample volume placed at the septal corner of the mitral annulus. Measurements were recorded with simultaneous electrocardiography at sweep speeds of 50 to 100 mm/s. Each measurement was made at baseline at each stage of exercise and during recovery. Due to the high incidence of fusion of E' and A' during exercise at workloads greater than 50 W, parameters of diastolic function were assessed at baseline, 25 W, and 50 W. Due to the fact that measurement of S' was readily obtainable during peak exercise, exercise contractile reserve was assessed at peak exercise. Two-dimensional echocardiographic images were recorded at rest and at each stage of exercise and digitally stored for further analysis. Measurements were performed offline by a single investigator who was unaware of the status of the study patients. Patients who demonstrated evidence of overt myocardial ischemia during exercise, such as significant ST segment change or development of regional wall motion abnormality, were excluded from analysis.
Statistical analysis
Values were expressed as mean ± SD. Comparison of the dichotomous variables was performed using the Chi-square analysis. Comparison of continuous variables between the two study groups was performed using the Student's t-test. Independent clinical predictors of exercise associated elevation of S' (myocardial contractile reserve) were determined using multiple linear regression analysis. Statistical analysis was performed with the SPSS 11.0 statistical program (SPSS Inc., Chicago, IL, USA).
Results
Among the 112 patients who were enrolled in this study, 56 were non-diabetic patients with MS (Group 1), while 56 were age-sex-matched hypertensive patients without metabolic syndrome (Group 2).
There were no significant differences between the two groups in terms of age, gender, baseline BP, or total cholesterol level (Table 1) . However, patients in Group 1 demonstrated significantly higher BMI, serum triglyceride, and fasting blood sugar level and significantly lower HDL cholesterol level compared to Group 2 (Table 1) . Although there was no significant difference in the LV dimension and baseline LV ejection fraction between Groups 1 and 2, Group 1 demonstrated significantly higher relative wall thickness and LV mass index (Table 1) . There were no significant differences between the two groups with respect to the types of anti-hypertensive medications administered.
Hemodynamic variables, such as systolic BP, diastolic BP, heart rate, and ejection fraction (EF) during peak exercise were not significantly different between the two groups. Fifty patients in each group performed exercise of more than 50 W with no significant difference in exercise duration and metabolic equivalents achieved during exercise ( Table 2) .
Comparison of the Doppler echocardiographic parameters at baseline and during exercise at 25 W and 50 W showed no significant difference in terms of the E/A ratio, deceleration time, or E'. However, E/E', an index of LV filling pressure, was significantly higher in patients with MS at rest and at 25 W of exercise, with borderline statistical significance at 50 W. In addition, the proportion of patients with E/E' greater than 15 was higher among patients with MS at rest and at 25 W and showed a tendency to be higher at 50 W. Although the absolute value of S' was not significantly different between the two groups at baseline, 25 W and 50 W, there was a tendency for a lower S' value in the MS group. The change of S' from baseline, the longitudinal contractile reserve, also tended to be lower in the MS group at 25 W and 50 W of exercise. At peak exercise, the longitudinal contractile reserve was significantly lower in the MS group (2.00 ± 1.65 vs. 2.90 ± 1.66, p = 0.015) ( Table 3 ) (Fig. 1) . Multiple regression analysis was performed to determine the independent association of MS with longitudinal contractile reserve when controlled for confounding factors, such as LV mass index, gender, BP, and age. The results show that LV mass index (β = -0.389, p = 0.001), male gender (β = 0.290, p = 0.016), age (β = -0.252, p = 0.033), and MS (β = -0.235, p = 0.035) were independently associated with the degree of longitudinal contractile reserve (Table 4) .
Discussion
The novel finding of our study was that metabolic syndrome (MS) influences both systolic and diastolic function during exercise. Longitudinal contractile reserve was reduced in hypertensive patients with MS compared to patients without MS, although both groups demonstrated similar longitudinal contractile function at baseline. Moreover, E/E', an index of diastolic function and LV filling pressure, was significantly increased at each stage of exercise in patients with MS. This demonstrates that increased filling pressure and diastolic dysfunction was maintained during dynamic exercise as well as in the resting state, as shown in previous studies.
5)10)17)
MS and cardiac remodeling
Several components of the insulin resistance syndrome are associated with increased LV relative wall thickness, LV concentric remodeling, 18) and LV hypertrophy. 19)20) Components of MS were associated with increased LV mass in a large cohort of blacks in the Atherosclerosis Risk in Communities Study 21) ; however, up to 23% of the population in that study had frank diabetes, a well-known determinant of LV hypertrophy. 22) Therefore, the possibility of diabetes playing a significant role in the association between metabolic factors and LV mass could not be excluded. The present study directly explored the association between MS and cardiac structure and function in non-diabetic hypertensive patients, thus excluding the influence of diabetes.
In this study, we demonstrated a close linkage between metabolic components and LV geometric changes. LV concentric remodeling was evidenced by increased LVM index, increased LV wall thickness, increased relative wall thickness (RWT), and normal LV chamber size. This finding is very important, since LV concentric remodeling is associated with increased cardiovascular morbidity and mortality in the absence of definite LV dysfunction. 
MS syndrome and LV dysfunction
Obesity and insulin resistance syndrome are known to increase the risk of congestive heart failure. Even in patients without overt cardiovascular disease, obesity and MS has been associated with subclinical myocardial dysfunction. [5] [6] [7] [8] Although subclinical diastolic dysfunction is evident in most patients with obesity and MS, 9)10) the effect of metabolic syndrome on systolic function is not clear, 9)11)12) with some studies reporting an increase in LV systolic function associated with subclinical diastolic dysfunction. 9) Although conventional measures of LV systolic function, such as left ventricular ejection fraction, may be preserved in patients with subclinical myocardial dysfunction and diastolic dysfunction, this may reflect radial compensation for a decrease in longitudinal systolic dysfunction. [24] [25] [26] Due to the fact that longitudinal fibers that anatomically connect the mitral annulus are mainly subendocardial fibers, they are more sensitive to early changes of ischemia and fibrosis. 26)27) Therefore, measurement of systolic and diastolic mitral annulus tissue velocity may be a sensitive method for the detection of subclinical dysfunction of longitudinal myocardial contraction.
28)29)
Obesity and insulin resistance are characterized by alterations in myocardial metabolism, further defined by derangement in fatty acid metabolism and metabolic deficiency.
5)
The increased myocardial oxygen consumption that is associated with insulin resistance syndrome may be exaggerated during dynamic exercise. In addition, obesity and MS are associated with increased LV mass that may contribute to myocardial dysfunction. Although an increase in LV mass contributes significantly to decreased longitudinal contractile reserve, the presence of MS itself was independently associated with reduced contractile reserve even when controlled for confounding variables, such as age, LV mass index, and gender. This demonstrates that the cluster of cardiovascular risk factors acts in concert to adversely affect myocardial function during exercise. Obesity and MS are associated with impaired coronary endothelial function and decreased coronary flow reserve that may be associated with subendocardial ischemia during exercise. 30 ) 31) Increased activation of the renin-angiotensin-aldosterone system in patients with MS may also have a significant role in adverse cardiac remodeling and dysfunction. 32) This study was performed in treated hypertensive subjects, so the results may be confounded by the influence of BP medications. However, there were no significant differences in the proportion of different classes of medications that were administered (Table 1) , and BP medication was assumed to have a minimal effect on the results of this study. The lack of an effect on hemodynamic variables at exercise and exercise duration also minimizes their influence on the results of this study ( Table 2 ). Another limitation of this study is that the presence of subclinical atherosclerotic heart disease cannot be completely ruled out by non-invasive methods. We tried to minimize this confounding effect by excluding patients with regional wall motion abnormality during exercise echocardiography and/or patients with significant ST segment change during exercise. 
